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In mammals, a single Dicer participates in biogenesis
of small RNAs in microRNA (miRNA) and RNAi path-
ways. In mice, endogenous RNAi is highly active in
oocytes, but not in somatic cells, which we ascribe
here to an oocyte-specific Dicer isoform (DicerO). Di-
cerO lacks the N-terminal DExD helicase domain and
has higher cleavage activity than the full-length Dicer
in somatic cells (DicerS). Unlike DicerS, DicerO effi-
ciently produces small RNAs from long double-
stranded (dsRNA) substrates. Expression of the
DicerO isoform is driven by an intronic MT-C retro-
transposon promoter, deletion of which causes loss
of DicerO and female sterility. Oocytes from females
lacking the MT-C element show meiotic spindle
defects and increased levels of endogenous small
interfering RNA (endo-siRNA) targets, phenocopying
the maternal Dicer null phenotype. The alternative
Dicer isoform, whose phylogenetic origin demon-
strates evolutionary plasticity of RNA-silencing path-
ways, is the main determinant of endogenous RNAi
activity in the mouse female germline.
INTRODUCTION
A single mammalian gene encoding ribonuclease (RNase) III
Dicer controls biogenesis of two small RNA classes involved in
RNA silencing: microRNAs (miRNAs) and small interfering
RNAs (siRNAs). First expressed as long primary transcripts,
miRNAs are processed into short hairpin precursor miRNAs
(pre-miRNAs) by the nuclear Microprocessor complex, which
consists of RNase III Drosha and its cofactor DGCR8 (Jinek
and Doudna, 2009; Krol et al., 2010). Pre-miRNAs are cleaved
by Dicer to produce mature miRNAs, which act as sequence-
specific guides in effector complexes containing one of the
four Argonaute (AGO) proteins and additional protein factors
(Jinek and Doudna, 2009; Krol et al., 2010). These effectorcomplexes target cognate mRNAs to repress their translation.
miRNA-mediated translational repression plays numerous
essential roles in various somatic cell processes, such as differ-
entiation and cell type specification (Bartel, 2009). However,
maternal miRNAs are dispensable and miRNA activity is globally
suppressed in mouse oocytes (Ma et al., 2010; Suh et al., 2010).
A different case represents endogenous siRNAs (endo-
siRNAs) produced by Dicer from naturally occurring long
double-stranded RNA (dsRNA) substrates, which mediate
sequence-specific endonucleolytic cleavage in RNAi pathway.
Whereas the processing of dsRNA into siRNAs is inefficient
and the level of endo-siRNAs is negligible in somatic cells
(Calabrese et al., 2007; Nejepinska et al., 2012), high amounts
of endo-siRNAs accumulate in mouse oocytes and early preim-
plantation embryos (Tam et al., 2008;Watanabe et al., 2008). The
highly active endo-siRNA pathway in mouse oocytes appears to
play an essential biological role. A significant portion of oocyte
endo-siRNAs arises fromprotein coding gene-pseudogene pairs
and from convergent transcripts, suggesting that RNAi directly
targets maternal mRNAs (Tam et al., 2008; Watanabe et al.,
2008). Oocyte-specific knockout of Dicer results in a severe
phenotype characterized by chromosome misalignment and
spindle defects during metaphase of the first meiotic cleavage,
leading to meiotic arrest (Murchison et al., 2007; Tang et al.,
2007). This phenotype is observed also in oocytes deficient in
AGO2, which mediates endonucleolytic cleavage of mRNA
during RNAi (Kaneda et al., 2009). In contrast, oocytes lacking
Dgcr8 undergo normal meiotic maturation and fertilization and
can support development to the term (Kaneda et al., 2009;
Murchison et al., 2007; Suh et al., 2010; Tang et al., 2007).
The highly active RNAi pathway in mouse oocytes has been in
contrast with studies showing that mammalian Dicer is more
efficient in processing miRNA precursors than perfect duplex
RNA (Ma et al., 2008, 2012). Here, we provide evidence that
divergence of small RNA production in mouse oocytes and
somatic cells arises from an N-terminally truncated isoform of
Dicer that efficiently produces endo-siRNAs from long dsRNAs.
This oocyte-specific isoform evolved as a consequence of a
specific retrotransposon insertion, and it is essential for oocyte
function.Cell 155, 807–816, November 7, 2013 ª2013 Elsevier Inc. 807
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Figure 1. DicerO—A Unique, Oocyte-
Specific, Truncated Dicer Isoform
(A) HTS of the oocyte transcriptome (Smallwood
et al., 2011) mapped onto the Dicer gene reveals
an alternative first exon (AltE, asterisk) within an
intronic MT-C element. See also Figure S1.
(B) Transcription of AltE produces DicerO, an
N-terminally truncated form of full-length (DicerS)
protein. Domains are annotated according to the
Conserved Domain Database (Marchler-Bauer
et al., 2013). aa, amino acid.
(C) The origin of the intronic MT-C element in a
common ancestor of mice and rats. The phyloge-
netic tree for selected mammalian species was
adapted from the UCSC conservation track to
reflect the phylogenetic relationships within the
rodent families, with human as an outgroup. The
tree is colored to indicate the absence of MT
retrotransposons (gray branches), the presence of
MT retrotransposons but the absence of the
specific DicerO-generating MT insertion (black
branches), and the presence of MT retrotrans-
posons, including the DicerO-generating MT
insertion (red branches). The scale below the tree
indicates nucleotide change frequency. MT retro-
transposons are absent from the common rabbit
(Oryctolagus cuniculus), which is a close relative of
rodents. The DicerO-generating MT insertion is
absent from the guinea pig (Cavia porcellus),
kangaroo rat (Dipodomys ordii), squirrel (Spermo-
philus tridecemlineatus), and naked mole rat
(Heterocephalus glaber) suggesting that it
appeared during evolution of common mouse and
rat (Muridae family).RESULTS
DicerO Is an Abundant, Highly Active Dicer Isoform in
Mouse Oocytes
Our survey of the mouse maternal transcriptome high-
throughput sequencing (HTS) (Smallwood et al., 2011) revealed
an alternative exon (AltE) located within intron 6 of the Dicer
gene (Figure 1A and Figure S1 available online). AltE is derived
from an MT-C retroelement of the mammalian apparent long
terminal repeat retrotransposon family. MT elements are ex-
pressed in oocytes and can serve as alternative promoters for
adjacent genes (Peaston et al., 2004). AltE serves as the first
exon spliced at a conserved donor site (Peaston et al., 2004) in
frame with exon 7, leading to production of a shortened Dicer
variant (DicerO) lacking the N-terminal DExD helicase domain
(Figure 1B). Comparative genomic analysis suggests that the
MT insertion giving rise to DicerO occurred relatively recently in
the Muridae family. The MT insertion is found only in mouse
and rat and is absent from genomes of other sequenced
members of other rodent families (Figure 1C).
In mice, DicerO transcript was detected only in oocytes (Fig-
ure 2A), where transcript levels increased during oocyte growth
and rapidly declined after fertilization (Figure 2B). RT-PCR also
indicated oocyte-specific expression of rat DicerO (Figure 2C).
DicerO is the dominant Dicer protein isoform in mouse oocytes808 Cell 155, 807–816, November 7, 2013 ª2013 Elsevier Inc.(Figures 2D and S2A). Consistent with HTS and RT-PCR data,
the full-length somatic Dicer (DicerS) protein levels are minimal
in mouse oocytes (Figures 2D and S2A). Ectopic expression of
myc-tagged DicerO showed that the N-terminal truncation
does not affect the characteristic cytoplasmic cellular localiza-
tion of the protein (Figure S2B).
The architecture of DicerO resembles experimentally trun-
cated human Dicer, which was shown to cleave a 37 bp dsRNA
substrate more efficiently than full-length Dicer, suggesting an
autoinhibitory function of the helicase domain in long dsRNA
processing (Ma et al., 2008). To examine DicerO cleavage
activity, we used a fluorescent in vitro dicing assay (Podolska
et al., 2013), in which a perfect 27 bp RNA duplex substrate is
cleaved to yield fluorescent product (Figure S2C). Consistent
with previous results, DicerO was more active than DicerS (Fig-
ure 2E and S2D).
Expression of DicerO Is Essential for Mouse Oocytes
To assess the biological significance of MT-driven DicerO
expression in mouse oocytes, we used TAL effector nuclease
(TALEN) technology (Miller et al., 2011) to produce mutant
mice lacking the MT element in Dicer intron 6 (Figure 3A). Two
TALEN pairs flanking the MT element were used to excise
it from the genome (Figure S3), abolishing DicerO expres-
sion without affecting DicerS expression (Figure 3B). Mice
0
10
20
30
40
50
60
70
0 30 60 90 120 150 180
Su
bs
tr
at
e 
cl
ea
ve
d 
(%
)
Incubation (min)
B
3T3 FGO
kDa
250
130
100
0
2
4
6
8
10
12
14
PO GO FGO 1C 2C 8C BL
R
el
at
iv
e 
ex
pr
es
si
on
Stage
A
C
D E
DicerO
DicerS
DicerO
DicerS
rat
mouse
liv
er
ki
dn
ey
oo
cy
te
liv
er
ki
dn
ey
sp
le
en
he
ar
t
lu
ng
m
us
cl
e
re
tin
a
ol
fa
ct
or
y
bu
lb
ce
re
br
al
 c
or
te
x
ce
re
be
llu
m
hi
pp
oc
am
pu
s
hy
po
th
al
am
us
E
16
.5
 h
ea
d
E
16
.5
 o
va
ry
E
16
.5
 te
st
is
E
19
.5
 te
st
is
te
st
is
E
6.
5 
em
br
yo
oo
cy
te
Hprt1
DicerO
DicerODicerS control
Figure 2. Expression and Cleavage Activity of DicerO
(A) RT-PCR analysis of DicerO expression in a panel of mouse tissues using
DicerO-specific primers. DicerO transcript was detected only in oocytes. Hprt1
served as a positive control for cDNA amplification.
(B) DicerO is expressed during oocyte growth. qPCR analysis of DicerO
expression in primordial oocytes (PO), growing oocytes (GO), fully grown
oocytes (FGO), and embryos at the one-cell (1C), two-cell (2C), eight-cell (8C),
and blastocyst (BL) stages. Expression was normalized to that of Hprt1, and
DicerO expression in PO was set to 1. Results shown are mean ± SEM from
three independent experiments.
(C) Expression of DicerO and DicerS in mouse and rat tissues. RT-PCR was
used to detect both isoforms using primers derived from sequences common
to both the mouse and rat genomes. Note that an endpoint PCR product may
not exactly reflect DicerS transcript abundance in rat oocytes.
(D) DicerO is the dominant Dicer isoform in mouse oocytes. Western blot
analysis of NIH 3T3 cells (3T3; 50 mg of total protein) and fully grown GV
oocytes (FGO; 430 oocytes = 11 mg of total protein).
(E) DicerO cleaves dsRNAmore efficiently than does DicerS. Each recombinant
isoform (80 nM) was incubated for the indicated times with a 27 bp perfect
duplex RNA substrate (30 nM). Cleaved substrate yields fluorescence, which is
shown on the y axis as percentage of the maximal fluorescence gain from
30 nM substrate. Results shown are mean ± SD from one experiment
performed in triplicates.
For further details, see also Figure S2.homozygous for the deletion (DMT/DMT) were viable and males
were fertile demonstrating that the deletion did not affect normal
Dicer function in somatic cells or male germline. Females, how-
ever, phenocopied mice carrying oocyte-specific conditional
deletion of Dicer (Murchison et al., 2007; Tang et al., 2007):
they were sterile and their oocytes showed meiotic spindledefects and increased levels of endo-siRNA targets (Figures
3C–3E). Oocytes lacking DicerO also contained increased levels
of MT retrotransposon transcripts (Figure 3E), similar to Dicer/
oocytes (Murchison et al., 2007; Watanabe et al., 2008). Thus,
DMT/DMT mice provide genetic evidence that the MT-C inser-
tion into Dicer intron 6 and the resulting MT-driven expression
of DicerO are essential for the female germline. Remarkably, Di-
cerO does not seem to be required for miRNA biogenesis in
mouse oocytes, because levels of two abundant maternal
miRNAs (miR-30 and Let-7) show a mild increase in DMT/DMT
oocytes (Figure 3F).
Ectopically Expressed DicerO Produces miRNAs and
Endo-siRNAs
Given the limitations of the oocyte model system, we character-
ized DicerO in vivo in Dicer-expressing cell lines derived from
embryonic stem cells (ESCs) lacking endogenous Dicer (Murch-
ison et al., 2005). This approach allowed us to compare the abil-
ity of DicerO and DicerS to produce different classes of small
RNAs from endogenous and ectopically expressed substrates.
Three stable DicerO rescue lines expressing different levels of Di-
cerO were selected for further study (Figure 4A). The DicerO-2 line
highly overexpressed the protein, the DicerO-3 line expressed it
at medium levels, and the DicerO-4 line expressed it at low levels.
We also generated two lines expressing medium levels of DicerS
(Figure 4A). As controls, we used a Dicer null ESC line (Dcr/),
the parental ESC line heterozygous for Dicer (Dcr+/; Murchison
et al., 2005), and an ESC line containing Dicer but lacking canon-
ical miRNAs (Dgcr8/; Wang et al., 2007). DicerO in all lines
rescued miRNA expression (Figure 4B) and miRNA activity, as
evidenced by suppression of five miRNA targets, including cell
cycle regulators p21 and Rbl2 (Shenoy and Blelloch, 2009; Sink-
konen et al., 2008; Figure 4C). DicerO also rescued the prolifera-
tion defect of Dcr/ ESCs (Kanellopoulou et al., 2005; Fig-
ure S4). In addition, miRNAs in DicerO lines efficiently
repressed luciferase reporters that carried binding sites either
fully or partially complementary to the abundant, ESC-specific
miR-294 (Houbaviy et al., 2003; Figure 4D). These results indi-
cate that DicerO expression completely restores suppression
mediated by partially complementary binding sites, which are
typical for natural miRNA targets.
To analyze endo-siRNA production by DicerO, we used HTS to
identify small RNAs in ESC lines expressing DicerO or DicerS.
Small RNA libraries from eight cell lines were sequenced to
depths of 3–5 3 107 reads using sequencing by oligonucleotide
ligation and detection (SOLiD) technology (GSE41207; Table S1).
The size distribution of small RNAs in DicerO-expressing cells
showed a peak at 21–23 nt reads, similar to results in DicerS
and Dcr+/ ESC lines (Figure 5A). The majority of 21–23 nt reads
in DicerO lines mapped to miRNAs, as did the majority in DicerS
lines, although the proportion of 21–23 nt reads from non-miRNA
loci was greater in DicerO lines than in DicerS lines (Figure 5B).
The composition of the miRNA population in DicerO lines was
generally similar to that in DicerS lines (Figure 5C); however,
the abundance of several miRNAs was consistently different
across the two types of cell lines (Figure S5). Accordingly, unsu-
pervised clustering of miRNA transcriptomes from all samples
led to separate clusters for DicerS and DicerO ESC lines,Cell 155, 807–816, November 7, 2013 ª2013 Elsevier Inc. 809
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Figure 3. Specific Deletion of the DicerO-Generating MT Element
Phenocopies Conditional Dicer Deletion in Mouse Oocytes
(A) Schematic depiction of cleavage sites for specific TAL effector nucleases
(scissors) to generate the DMT allele. E, exon. See also Figure S3.
(B) qPCR analysis of DicerS and DicerO expression in DMT/+ and DMT/DMT
oocytes. The forward primer differentiates between DicerS and DicerO,
whereas the reverse primer is common to both. Expression was normalized to
Hprt1. Results shown are mean ± SEM from three independent experiments.
(C) Spindle defects in DMT/DMT oocytes. Maturing oocytes were stained with
antibody against a-tubulin (green) and with DAPI (blue) to visualize DNA and
then examined using confocal microscopy. Three representative images of
defective spindles in DMT/DMT oocytes are shown in comparison to a normal
spindle in a DMT/+ oocyte. The scale bar represents 20 mm.
(D) Spindle defects occur frequently in DMT/DMT oocytes. Spindles were
analyzed in oocytes from DMT/DMT and DMT/+ littermates, and the frequency
of aberrant spindles was recorded.
810 Cell 155, 807–816, November 7, 2013 ª2013 Elsevier Inc.suggesting that each Dicer isoform generated distinct miRNA
profiles (Figure S5).
A systematic search for genomic loci harboring 21–23 nt reads
identified 1,697 small RNA clusters across DicerO or DicerS
libraries. Most clusters were not associated with processing of
long dsRNA, and 317 clusters matched annotated miRNAs. Of
1,380 non-miRNA clusters from DicerO and DicerS libraries,
only 167 spanned >50 bp (Table S2). Using a 4-fold cutoff for
relative excess of reads in clusters present in DicerO and DicerS
libraries, we identified 22 clusters spanning >50 bp that were
enriched in DicerO, but none such a cluster enriched in DicerS
libraries. Eleven of these clusters were derived from nonrepeti-
tive genomic sequences; another four matched specific short
interspersed nuclear elements (SINE), one of which (Figure 5D)
has been described previously (Babiarz et al., 2008); and the re-
maining seven matched repetitive sequences and abundant
RNAs (Table S2). The proportion of 21–23 nt RNAs derived
from two SINE loci known to produce shorter intramolecular
duplexes <100 bp (Babiarz et al., 2008) was 4- to 5-fold greater
in DicerO lines than in DicerS ones (Figures 5D and S6). Notably,
these SINE-derived small RNA clustered into narrow columns
with sharp boundaries, a feature expected for miRNAs but rather
unusual for endo-siRNAs (Figures 5D and S6).
Of the endo-siRNAs in DicerO lines that mapped to unique
genomic loci, several derived from intramolecular RNA stems
and one from convergent transcripts (Figure 6). Optn and
Anks3 loci represent small RNA clusters originating from longer
intramolecular stems (Figures 6B and 6C). Anks3-derived
endo-siRNAs map to an intron, suggesting that they might be
generated in the nucleus. Remarkably, of the five loci producing
RNA hairpin-derived endo-siRNAs in oocytes (Watanabe et al.,
2008), Optn and Wdr76 loci yielded endo-siRNAs in DicerO,
but not in DicerS lines (Table S3). We also identified one example
of small RNAs derived from convergent transcripts: at the
Rad23a locus, endo-siRNAs mapped to the overlap between
the 30 UTRs of Rad23a and Gadd45gip1 mRNAs (Figure 6D).
These findings indicate that ectopically expressed DicerO is
sufficient to generate endo-siRNAs, but only a few loci in ESCs
generate long dsRNAs processed by DicerO. This implies that
the rate-limiting step for endo-siRNA production by DicerO is
the availability or accessibility of endogenous long dsRNA
substrates.
DicerO Produces Endo-siRNAs from Ectopically
Expressed Long Hairpin dsRNA
To examine the capacity of Dicer isoforms to produce siRNAs,
we analyzed small RNAs derived from a well-characterized,
ectopically expressed long hairpin carrying the Mos gene(E) qPCR analysis of mRNAs regulated by endo-siRNAs in DMT/+ and DMT/
DMT oocytes. Endo-siRNA targets were selected from published data
(Murchison et al., 2007; Tam et al., 2008). The graph shows the ratio of Hprt1-
normalized mRNA levels in fully grown DMT/DMT GV oocytes to the levels in
DMT/+ oocytes, whichwere set to one (red line). Results shown are themean ±
SEM of three independent experiments.
(F) qPCR analysis of miR-30c and Let-7a expression. The graph shows relative
expression of microRNAs in fully grown DMT/DMT GV oocytes; expression
levels in DMT/+ oocytes were set to one (red line). Results shown are the
mean ± SEM of three independent experiments.
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Figure 4. DicerO Rescues the miRNA
Pathway in Dcr/ ESCs
(A) Western blot analysis of Dicer expression in
ESC lines. Two lines expressing DicerS (clones 4
and 11) and three lines expressing DicerO (clones
2, 3, and 4) were derived from Dcr/ ESCs.
(B) Rescue of miRNA expression in DicerS and
DicerO lines. qPCR analysis showing expression
levels ofmiR-294 andmiR-30c in ESC lines relative
to their levels in Dcr+/ ESCs, which were defined
as 1. Results shown are mean ± SEM of three
independent experiments.
(C) Downregulation of miRNA targets in ESC lines
expressing DicerS or DicerO. Levels of five tran-
scripts repressed bymiRNAs in ESCs (Shenoy and
Blelloch, 2009; Sinkkonen et al., 2008) were
monitored by qPCR. Levels of miRNA-targeted
transcripts were normalized to Actb levels and are
shown relative to levels of the derepressed targets
in Dcr/ ESC, which were defined as 1 (red line).
Results shown are mean ± SEM of three inde-
pendent experiments.
(D) DicerO in ESCs produces miRNAs that repress
Renilla luciferase reporters fully or partially com-
plementary to miR-294. Reporters (left) were
designed as in Schmitter et al. (2006). ESC lines
were transfected with a reporter carrying one
perfect miR-294 binding site or four bulged bind-
ing sites; a negative control reporter carried four
mutated binding sites. For each cell line, Renilla
luciferase (RL) activity was normalized to that of
cotransfected firefly luciferase (FL), and the RL/FL
ratio was normalized to the activity obtained with
the negative control reporter, for which the RL/FL
value was defined as 1. Results shown are mean ±
SEM of three independent experiments.
See also Figure S4.sequence (Nejepinska et al., 2012; Stein et al., 2005; Svoboda
et al., 2001; Figures 7A and S7). All ESC lines expressing Dicer
showed similar distribution of 21–23 nt reads along the Mos
hairpin sequence, suggesting that both Dicer isoforms recognize
the Mos hairpin in a similar manner (Figure 7B). However,
whereas DicerO libraries contained an abundance of Mos
hairpin-derived 21–23 nt reads (Mos siRNAs), DicerS libraries
showed low frequencies of Mos siRNAs (Figure 7C). This is
consistent with results showing that somatic cells inefficiently
process the Mos hairpin into siRNAs (Nejepinska et al., 2012).
Interestingly, the abundance of Mos siRNA appeared to be pro-
portional to the level of DicerO expression (Figure 7C), indicating
thatMos hairpin substrate was present in excess and supporting
the above-mentioned idea of limited availability of endogenous
long dsRNA substrates in ESCs.
To confirm that DicerO-generated Mos siRNAs can mediate
RNAi, we used a luciferase reporter assay in which the reporter
carried a 30 UTR sequence complementary to the MosIR region
(RL-target; Figures S7A and S7B). DicerO ESC lines expressing
Mos hairpin specifically downregulated the reporter (p < 0.001;
Figure 7D), but DicerS lines did not. These results suggest that
DicerO-generated Mos siRNAs function in the RNAi pathway,
whereas DicerS does not induce RNAi even when sufficient
amounts of long dsRNA substrate are available.DISCUSSION
Whereas retrotransposons can cause deleterious mutations,
they can also influence host genes and increase transcript
diversity by providing enhancers, promoters, splice sites, and
polyadenylation signals (Cowley and Oakey, 2013). MT ele-
ments are highly abundant rodent-specific retrotransposons, a
subset of which serves as alternative oocyte-specific promoters
and first exons in mice (Peaston et al., 2004). We report a
unique example of an MT retrotransposon insertion, which pro-
vides an alternative promoter for Dicer expression and pro-
duces DicerO: an oocyte-specific, N-terminally truncated Dicer
isoform with altered cleavage activity. Consequently, this MT
insertion shifted balance between miRNA and RNAi pathways
and acquired an essential role in mouse oocytes in a relatively
short evolutionary time. This is an intriguing example of retro-
transposon insertion that upregulated a major pathway (RNAi)
involved in precisely the opposite effect—retrotransposon sup-
pression. DicerO emerged in the ancestral lineage evolving into
mice and rats (Muridae family). At the same time, given that MT
elements are rodent-specific, the study of radiation of MT
elements across different rodent lineages offers an outstanding
model for long-term effects of RNAi on retrotransposons in mice
and rats.Cell 155, 807–816, November 7, 2013 ª2013 Elsevier Inc. 811
Figure 5. Analysis of HTS of Small RNAs
Generated by DicerO
(A) Size distribution of 19–30 nt reads mapping
perfectly to the genome in five selected libraries.
DicerO-3 and DicerS-11 were selected because they
expressed comparable levels of Dicer (Figure 4A).
(B) Classification of 21–23 nt reads that mapped
perfectly to the genome. The total population of
21–23 nt reads was set to 100% for each library.
See also Table S1.
(C) Quantitative display of small RNA clusters in
DicerO-3 and DicerS-11 lines. Each of the 21–23 nt
read clusters identified in DicerO and/or DicerS
lines are represented as a colored point indicating
its class. Position of a cluster corresponds to the
log10 of reads per million (RPM) in Dicer
O-3 and
DicerS-11 libraries. Global analysis of the entire
HTS data set, including statistical evaluation of
expression differences, is presented in Figure S5.
(D) SINE-derived 21–23 nt reads become more
abundant in the presence of DicerO. The sche-
matic (above) shows reads from the DicerO-3 li-
brary mapping perfectly to a previously described
SINE locus (Babiarz et al., 2008; Figure S6). The
graph (below) shows RPM of 21–23 nt reads
mapping perfectly to the locus.Small RNA Production by DicerO
Full-length mammalian Dicer processes pre-miRNAs much
faster than perfectly complementary dsRNA (Ma et al., 2008);
this is in agreement with inefficient processing of long dsRNA
into siRNAs in mammalian cells (Nejepinska et al., 2012). In
contrast, DicerO efficiently processes long dsRNA into siRNAs,
a finding consistent with a number of results, including efficient
induction of RNAi in mouse oocytes with microinjected or ex-
pressed long dsRNA (Nejepinska et al., 2012; Stein et al.,
2003; Svoboda et al., 2000; Wianny and Zernicka-Goetz,
2000), the abundance of endo-siRNAs in mouse oocytes (Tam
et al., 2008; Watanabe et al., 2008), and the autoinhibitory role
of the N-terminal helicase domain (Ma et al., 2008). By ectopi-
cally expressing DicerO in ESCs, we directly demonstrated its
ability to generate endo-siRNAs, including endo-siRNAs derived
from convergent transcripts, which are normally produced only
in oocytes and not in normal ESCs (Babiarz et al., 2008). Accord-
ingly, the same long dsRNA substrates that were efficiently con-
verted into siRNAs in DicerO ESC lines were poorly processed in
DicerS lines. However, the number of loci producing endo-siR-
NAs upon expression of DicerO in ESCs was unexpectedly low,
suggesting that dsRNA availability for Dicer cleavage is a limiting
factor for endogenous RNAi. That capacity of DicerO to generate
endo-siRNAs is higher than availability of dsRNA in ESCs is
further supported by high abundance ofMos siRNAs under con-
ditions of excess of Mos hairpin substrate.
DicerO rescued miRNA activity in ESCs lacking endogenous
Dicer. Whereas we did observe differences in miRNAs produced
in DicerS and DicerO lines (Figure S5), these results are unlikely to812 Cell 155, 807–816, November 7, 2013 ª2013 Elsevier Inc.have relevance for the function of DicerO
in mouse oocytes where miRNAs are
nonessential and do not significantlyregulate gene expression (Ma et al., 2010; Suh et al., 2010). At
the same time, DicerO does not, by itself, explain the suppression
of the miRNA pathway in mouse oocytes (Ma et al., 2010; Suh
et al., 2010).
In organisms carrying a single Dicer gene, balance between
RNAi and miRNA pathways can be adjusted through evolution
of altered Dicer isoforms. This concept is supported by small
DCR-1 (sDCR-1), a C-terminal fragment containing both
RNaseIII domains and thedouble-strandedRNAbindingdomain,
which was found in adult C. elegans soma (Sawh and Duchaine,
2013). sDCR-1 is generated from the full-length Dicer by proteo-
lytic cleavage and, according to the model, acts in the soma as a
negative regulator of miRNA biogenesis while enhancing exoge-
nous RNAi, the innate immune system of C. elegans.
Role of Endogenous RNAi in the Female Germline
Endo-siRNAs in mouse oocytes are mostly derived from various
retrotransposon transcripts. Whereas MT retrotransposons
seem to be exclusively controlled by RNAi, repression of other
retrotransposons in mouse oocytes involves RNAi and the
Dicer-independent PIWI-associated RNA (piRNA) pathway
(Tam et al., 2008; Watanabe et al., 2008). Intriguingly, the piRNA
class of small RNAs is nonessential in themouse female germline
(Carmell et al., 2007; Deng and Lin, 2002; Kuramochi-Miyagawa
et al., 2004). We speculate that highly active RNAi may func-
tionally compensate piRNA knockout phenotype in the mouse
female germline. If so, piRNAs may have a more pronounced
role in the female germline in other mammalian species lacking
a functional equivalent of DicerO.
Figure 6. DicerO Produces Endo-siRNAs
(A) Twenty-one to twenty-three nucleotide RNAs from three loci presumably
producing long dsRNA appear in DicerO libraries. RPM counts are shown for
the different ESC lines. Statistical evaluation of expression differences in the
complete data set are presented in Figure S5.
(B) The Optn locus yielded small RNAs from a predicted intramolecular RNA
duplex. Uniquely matching 21–23 nt reads (red lines) from the DicerO-3 library
mapped almost exclusively in the direction of Optn transcription (<< ). Reads
mapping to the locus twice are displayed as blue lines. The scheme of the
locus corresponds to chr2: 4,940,800–4,942,550 (GRCm38/mm10). Predicted
folding of the () strand of the displayed region is shown below. Nearly all
reads in the locus map to the duplex region. Sequence corresponding to
mapped reads is indicated by orange letters in the predicted folding and
orange lines in the scheme above.
(C) The Anks3 locus (chr16: 4,955,700–4,958,000) yielded small RNAs from a
predicted intramolecular RNA duplex. Data are shown as in (B). The duplex
region contains mismatches and G:U pairs, preventing detection of reads
mapping twice to the locus.
(D) The Rad23a locus (chr8: 87,357,500–87,360,000) produced small RNAs
from convergent transcripts. The 30 UTRs of both Rad23a and Gadd45 gip1
transcripts can generate dsRNA. Uniquely mapping 21–23 nt reads (red lines)
were found in both directions in the region of transcript overlap.
See also Figure S6 and Tables S2 and S3.Meiotic spindle defects observed in DMT/DMT mouse and
oocytes lacking Dicer (Murchison et al., 2007; Tang et al.,
2007) presumably arise due to the absence of endo-siRNAstargeting protein coding genes. Endo-siRNAs in oocytes, which
target a number of genes involved in the regulation of cytoskel-
eton formation and cell cycle progression, arise from gene-
pseudogene pairs and inverted repeats (Tam et al., 2008;
Watanabe et al., 2008). Therefore, a role of RNAi in control of
spindle formation is unlikely to be conserved in oocytes of
species that express only DicerS and that contain a different
set of pseudogenes and inverted repeats. Mouse oocytes thus
represent a special case of physiologically important endoge-
nous RNAi in mammals.
EXPERIMENTAL PROCEDURES
Oocyte and Embryo Collection
Oocytes and early embryos were obtained from superovulated CBA/
CAJxC57Bl6/J F1 hybrid mice as described previously (Nagy, 2003). Resump-
tion of meiosis during culture of germinal vesicle (GV) oocytes was prevented
with 0.2 mM 3-isobutyl-1-methyl-xanthine (IBMX; Sigma). Animal experiments
were approved by the Institutional Animal Use and Care Committees and were
carried out in accordance with the European Union regulations.
RNA Isolation, Reverse Transcription, PCR, and Real-Time PCR
Total RNA from mouse oocytes and embryos from mouse tissues and from
cultured cells was isolated using RNAzol reagent (Molecular Research Center)
according to the manufacturer’s instructions. Regarding Figures 2A and 2C
data, for each tissue (except of the oocyte where a total RNA from 200 oocytes
[100 ng] was used), one microgram of total RNA was reverse transcribed
using RevertAid First Strand cDNA Synthesis Kit (Fermentas) and a 1/200
aliquot was amplified in 40 cycles of PCR using DicerO-specific primers. A
1/200 cDNA aliquot amplified in 30 cycles with Hprt1 primers was used for a
positive control. Primers for PCR analysis of DicerO and DicerS in mouse and
rat tissueswere derived from sequences common formouse and rat genomes.
Rat andmouse cDNAswere amplified in an endpoint PCR for 38 and 34 cycles,
respectively. For real-time PCR (qPCR) data in Figures 3B and 3E, RNA from
small number of oocytes was released by incubating oocytes in water with
RNase inhibitor for 5 min at 85C prior to reverse transcription. cDNA was
subjected to qPCR using Maxima SYBR Green qPCR Master Mix (Fermentas)
on Stratagene Mx3000P or LC480 (Roche) systems. For qPCR of microRNAs
in ESCs (Figure 4B), 15 ng of total RNA was reverse transcribed using
miRCURY LNA Universal cDNA Synthesis Kit (Exiqon) and subjected to
qPCR with miRCURY LNA SYBR Green MasterMix (Exiqon). For microRNA
quantification in oocytes (Figure 3F), ten oocytes were pooled in 1 to 2 ml
PBS (for each individual reaction) supplemented with RiboLock RNase
Inhibitor (Fermentas) and snap-frozen at 80C. Before reverse transcription,
oocytes were incubated 5 min at 85C to complete the lysis. Reverse
transcription was performed in 10 ml reactions using miRCURY LNA Universal
cDNA synthesis kit (Exiqon) according to the manufacturer’s instructions.
qPCR was performed on LC480 instrument (Roche) using miRCURY LNA
Universal RT microRNA PCR kits (Exiqon) for amplification of miR-30c and
Let-7a. qPCR data for protein-coding genes were normalized to Hprt1
and ActB expression, and the data for microRNAs were normalized to U6
snRNA and 5S rRNA expression by the DDCt approach using an in-house
software.
Generation of Dcr DMT Mice
Deletion of the MT-C element in the intron 6 was performed using specific
TALEN designed to recognize specific sequences upstream and downstream
of the MT-C (Figure S3). To produce specific TALENs, we modified previously
described TALEN nuclease backbone (Addgene plasmid 31179; Miller et al.,
2011) to make it compatible with Golden Gate cloning system (Cermak
et al., 2011). We then inserted point mutations to FokI nuclease domain by
site-directed mutagenesis to generate a TALEN pair with ELD-KKR obligate
heterodimeric FokI domains (Doyon et al., 2011). The coding sequences of
the resulting ELD and KKR TALEN backbones encompassed by NheI and
NotI restriction sites were cloned into NheI/NotI cut phRL-SV40 vectorCell 155, 807–816, November 7, 2013 ª2013 Elsevier Inc. 813
Figure 7. DicerO Processes Ectopically
Expressed Long dsRNA into 21–23 nt
RNAs, which Enter the RNAi Pathway
(A) Schematic depiction of the Mos long hairpin
expressed from a transfected vector (MosIR),
which carries a tandem repeat of a Mos frag-
ment in head-to-head orientation (Figures S7A
and S7B).
(B) ESC lines expressing different Dicer isoforms
showed different counts for reads mapping to
Mos hairpin RNA while still showing similar overall
read distribution. Each graph depicts densities
of 21–23 nt reads perfectly mapping to the
ascending arm (upper half of plot) or to the
descending arm (lower half of plot) of the hairpin
as depicted in Figure 7A. The scale depicts read
density in counts per million (CPM) normalized to
the size of each library comprising all reads
perfectly mapping to the genome and MosIR
plasmid.
(C) Read density (in CPM) of 21–23 nt reads
perfectly mapping to Mos hairpin RNA. The tran-
scribed part of the MosIR plasmid is aligned with
the read density. The same y axis scale was used
to show results from six ESC lines expressing Di-
cerO or DicerS. Transfection efficiency was com-
parable for all Dicer-expressing lines (Figure S7C).
(D) Analysis of RNAi activity of siRNAs derived
from the MosIR sequence. Shown is the Renilla
luciferase (RL) activity in ESC lines cotransfected
with a Mos siRNA-sensitive Renilla reporter and
either MosIR plasmid or MosMos plasmid,
which carries the same repeated sequence as in MosIR but in head-to-tail repeat orientation (Figure S7B). RL activity in cells transfected with MosMos
plasmid was defined as 1. Results shown are mean ± SEM of two independent experiments performed in triplicate.(Promega) under a control of T7 promoter. TALENs targeting Dicer MT element
were assembled using the Golden Gate cloning system for TALEN assembly
(Addgene TALEN Kit No. 1000000024). The following repeat variable diresidue
repeats were used to generate individual TALENs: DcrTAL1-ELD HD-HD-
NG-NG-NG-HD-NI-NN-HD-NI-NG-HD-NG-HD-NIHD-NI-NG, DcrTAL1-KKR
HD-HD-HD-NG-NG-HD-NI-NN-HD-NI-NN-HD-HD-NING-NG, DcrTAL2-ELD
HD-NG-HD-NG-HD-NI-NN-NN-NI-NG-NN-NI-NI-NG, DcrTAL2-KKR NI-NG-
NI-HD-NG-NI-HD-NG-NN-NI-NN-NG-NG-HD-NG.
Nucleotide coding sequences of individual TALENs are available upon
request. Each TALEN-encoding plasmid was linearized with NotI and tran-
scribed in vitro using the mMESSAGEmMACHINE T7 Kit (Ambion). The result-
ing TALEN RNAs were polyadenylated using the Poly(A) Tailing Kit (Ambion)
and purified on RNeasy Mini columns (Qiagen). A sample for microinjection
was prepared by mixing all four TALEN RNAs in ultrapure water at concentra-
tion of 4 ng/ml each. Five picoliters of microinjection mixture were injected into
male pronuclei of C57BL/6 one-cell embryos.
Genotypingwas performed using nested PCR. Primers used for the first PCR
were: Dcr_gen_Fwd1: 50-CCTGTCTAGTGTTAGGGTGAAACC and Dcr_gen_
Rev1: 50-CCAGAGGTTTGTCTCTCTCCCAGG. Primers used for the second
PCR were: Dcr_gen_Fwd2: 50-GACCAGCTCCAGCCATGACCAG and
Dcr_gen_Rev2: 50-ACAGCAGCCCAAAATGTTAACTCC. Expected PCR prod-
uct is 869 bp for wild-type allele and less forDMT. Presence of wild-type alleles
was confirmed using Dcr_AltE_Fwd: 50-CTCTGCCTTCAGGTTCTGACTTCC
and Dcr_gen_Rev2 primers with expected PCR product length 384 bp.
Cell Culture and Transfection
Dicer/, Dicerflox/ (Murchison et al., 2005), and Dgcr8/ (Wang et al., 2007)
mouse ESCs were cultured on gelatin-coated plastic in Knockout D-MEM
(Invitrogen) containing 15% FCS (Sigma), 13 NEAA, 1 mM sodium pyruvate,
2 mM L-glutamine, 50 mM 2-mercaptoethanol, and supplemented with mouse
leukemia inhibitory factor (1,000 U/ml), 3 mM CHIR99021, and 1 mM
PD0325901 (Sellect Chemicals) at 37C in 5% CO2. Mouse NIH 3T3 cells814 Cell 155, 807–816, November 7, 2013 ª2013 Elsevier Inc.(ATCC No. CRL-1658) were maintained in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% fetal calf serum (Sigma), penicillin
(100 U/ml; Invitrogen), and streptomycin (100 mg/ml; Invitrogen). For transfec-
tion, cells were plated on a 24-well plate at density 60,000 cells/well and trans-
fected 24 hr later using Lipofectamine 2000 (Invitrogen). Stable cell lines were
generated by transfection of Dicer/ ESCs with a plasmid expressing DicerS
or DicerO. Stable clones were selected using 10 mg/ml blasticidin.
In Vitro Fluorescent Dicer Assay
Recombinant Dicer activity was measured using a fluorescent assay
(Podolska et al., 2013). A fluorescently labeled RNA substrate (Integrated
DNA Technologies) was used at a 30 nM concentration in a reaction buffer
consisting of 20mM Tris-HCl (pH 8.0), 50mMNaCl, 3mMMgCl2, 2% glycerol,
and 0.1% Triton X-100. Concentration of recombinant DicerS or DicerO was
80 nM. Preparation of recombinant Dicer proteins is described in detail in
the Extended Experimental Procedures. Fluorescence was measured at
indicated time points using the EnVisionMultilabel Plate Reader (PerkinElmer).
Western Blotting
Lysates from oocytes and cultured cells were resolved on SDS-PAGE, semidry
transferred onto a polyvinylidene fluoride membrane, and stained at 4C
overnight with anti-Dicer 349 (Sinkkonen et al., 2010; 1:5,000), anti-myc
(Sigma; 1:2,000), anti-a-tubulin (Sigma; 1:5,000), or anti-b-actin (Novus
Biologicals; 1:5,000). The signal was developed using appropriate horseradish
peroxidase-conjugated secondary antibodies (1:10,000) and SuperSignal
West Pico or Femto Chemiluminescent Substrate (Thermo Scientific).
Immunofluorescence Microscopy
Meiotically maturing oocytes (14–16 hr posthuman choriogonadotropin injec-
tion) were processed for immunofluorescence as described previously (Flemr
et al., 2010). Meiotically maturing oocytes were stained with b-tubulin antibody
conjugated with Cy3 (Sigma) diluted 1:200 in blocking solution for 1 hr and
mounted in DAPI-containing Vectashield (Vector Laboratories). Fluorescent
images were acquired using a Leica TCS SP5 laser scanning microscope
equipped with HCX PL APO 403/1.25 oil immersion objective.
Luciferase Assay
Transfected cells were washed in PBS and lysed in 200 ml of 13 Passive Lysis
Buffer (Promega). The lysate was cleared by a brief centrifugation, and the
luciferase activity was measured with Dual-Luciferase Reporter Assay System
(Promega) on Modulus Microplate Reader (Turner Biosystems) luminometer.
The obtained luminescence was corrected using the total protein amount in
sample lysate measured by Bradford Protein assay (Bio-Rad).
SOLiD Sequencing of Small RNAs
Dcr+/, Dcr/, Dgcr8/, DicerS-4, DicerS-11, DicerO-2, DicerO-3, and DicerO-4
ESC lines, either untransfected or transfected with 3 mg of MosIR plasmid
per well in six-well plates, were used for high-throughput sequencing. Small
RNAs were isolated 48 hr posttransfection using the mirPremier microRNA
Isolation Kit (Sigma) according to the manufacturer’s instructions. Isolated
small RNAs were submitted to Seqomics for cDNA library preparation and
next generation sequencing using SOLiD 4 sequencing platform. HTS data
were deposited in theGene ExpressionOmnibus (GEO) database (GSE41207).
Bioinformatic Analysis
Identification of DicerO
Analysis of RNAi components, including AltE identification, was performed
using publicly available deep sequencing data from mouse GV oocytes
(Smallwood et al., 2011; http://sra.dnanexus.com/runs/ERR034797). Data
were processed and visualized using Galaxy (Goecks et al., 2010). Galaxy
workflow is available upon request.
SOLiD Data Analysis
SOLiD raw files were quality filtered and trimmed, and the resulting reads were
mapped in colorspace onto the NCBI/mm9 version of mouse genome using
Shrimp2 (David et al., 2011). MosIR vector sequence (available upon request)
was added to the genome prior to indexing. Only the best ten alignments were
reported in the output. The downstream analysis was done using custom R
scripts, using only perfectly mapping reads, and with multiple mapped frag-
ments weighted to the number of loci they map. When normalizing for the
library size, raw read countswere divided by the total number of perfectly map-
ping reads from a corresponding library. External genomic annotations were
used from the miRBase for miRNA (Kozomara and Griffiths-Jones, 2011);
Ensembl Biomart for exonic coordinates; University of California, Santa Cruz
(UCSC) browser for repeats (Kuhn et al., 2013). Clusters of 21–23 nt reads
were identified in a three-step procedure outlined in detail in the Extended
Experimental Procedures. When annotating with functional categories, if a
certain element matched more than one category, the following classification
priority was used: miRNA >mRNA (genes) > repeats > other. Further details on
bioinformatics analysis of the SOLiD data are presented in the Extended
Experimental Procedures.
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